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Dynamic fluxes in the concentration of ions and small
molecules are fundamental features of cell signaling,
differentiation, and development. Similar roles for
fluxes in transition metal concentrations are less
well established. Here, we show that massive zinc
fluxes are essential in the infection cycle of an
intracellular eukaryotic parasite. Using single-cell
quantitative imaging, we show that growth of the
blood-stage Plasmodium falciparum parasite re-
quires acquisition of 30 million zinc atoms per eryth-
rocyte before host cell rupture, corresponding to a
400% increase in total zinc concentration. Zinc accu-
mulates in a freely available form in parasitophorous
compartments outside the food vacuole, including
mitochondria. Restriction of zinc availability via small
molecule treatment causes a drop in mitochondrial
membrane potential and severely inhibits parasite
growth. Thus, extraordinary zinc acquisition and traf-
ficking are essential for parasite development.
INTRODUCTION
Pathogens such as the malaria-causing parasites depend upon
rapid acquisition of essential transition metal cofactors in order
to replicate within a host cell, and this dependence is a vulnera-
bility that is relevant to controlling the disease. Despite the rela-
tively large number of antimalarial drugs available, malaria
remains the most common and deadly parasitic disease in the
world (Salcedo-Amaya et al., 2010). The parasite is responsible
for nearly 800,000 deaths per year, mostly in children under
the age of 5 (World Health Organization, 2009). Thus, the
discovery of essential but vulnerable parasite pathways is impor-
tant for the development of targeted treatments.
There is an emerging realization that physiological processes
controlling zinc availability and uptake are important in bothChemistry & Biology 19,immune function and pathogen virulence; however, little is
known at the molecular and analytical level about how this
control is achieved. In the early immune response to pathogenic
infection, host cytokine release leads to an acute inflammatory
response that includes a systemic lowering of plasma zinc levels,
or hypozincemia (Gaetke et al., 1997). This is accomplished in
part by liver-specific expression of the plasma membrane zinc
transport protein Zip14, as well as elevated expression of the
metal chelating protein, metallothionein (Cousins and Leinart,
1988; Cousins et al., 2006). These host responses decrease
serum zinc levels by up to 80% (Liuzzi et al., 2005). Many path-
ogens require zinc for virulence with functions including the
stabilization of microbial enzymes and adherence of the path-
ogen to mammalian cells (Doherty et al., 2002; Sugarman,
1983). Thus, hypozincemia can be an effective defense against
the proliferation of pathogens in acute settings, even though
zinc depletion impairs functions of immune cells (Ibs and Rink,
2003; Sugarman, 1983). On the other hand, a few pathogens
such as Trypanosoma cruzi and Leishmania parasites appear
to thrive and evade the host immune system in low zinc condi-
tions (Braza˜o et al., 2008; Najim et al., 1998). Under these condi-
tions, depressed immune cell function is detrimental to host
survival and a competition ensues between the parasite, such
as Plasmodium falciparum, and the host immune system over
zinc acquisition.
Zinc is known to play several fundamental roles as a catalytic
or structural cofactor that controls both protein structure and
function (Berg, 1990; Beyersmann and Haase, 2001; Luisi,
1992). Zinc ions serve as cofactors for cellular enzymes (Vallee
and Falchuk, 1993) and proteins that regulate gene expression,
translation, protein degradation, and other processes (Coleman,
1992; Finney andO’Halloran, 2003; O’Halloran, 1993; Suhy et al.,
1999). Over 250 enzymes and transcription factors annotated in
the P. falciparum genome require tightly bound zinc ions, and
many have been linked to malarial disease progression (Gardner
et al., 2002). A majority of these proteins, which include hemo-
globin peptidases (Maric et al., 2009) and zinc finger transcrip-
tion factors (Coulson et al., 2004; Kumar et al., 2004), were
shown to be localized in the Plasmodium nucleus and cytosol,
while roles for zinc in other parasitic organelles have yet to be731–741, June 22, 2012 ª2012 Elsevier Ltd All rights reserved 731
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Zinc Fluxes Are Essential for Plasmodium Infectiondelineated. Insights from single-cell metal analysis and imaging
are defining unexpected pools of weakly bound zinc ions and
open the question of physiological importance.
Recent studies using multiple imaging modalities have vali-
dated the existence of large fluxes in zinc concentration and
demonstrated essential roles for these fluxes in pivotal develop-
mental process. For instance, a maturing oocyte must rapidly
increase zinc levels by 50% (Kim et al., 2010), followed by
a precipitous efflux of zinc upon fertilization (Kim et al., 2011). In
both cases, small molecules that scavenge free zinc can be
used to interrupt or activate the respective zinc-dependent
events (Kim et al., 2010, 2011; Suzuki et al., 2010). Zinc-depen-
dent cellular processes including oocyte development, immune
response, and neurotransmitter function point to zinc as a
signalingmediator in regulating physiological responses (Fukada
et al., 2011) and have been visualized using highly selective zinc
sensors to probe changes in labile zinc (Pluth et al., 2011; Que
et al., 2008). Thus, a number of developmental and physiological
events are dependent on large-scale zinc fluxes; however, these
types of phenomena have not been identified in pathogens.
Here, we apply submicron resolution X-ray fluorescence
microprobe (XFM) microscopy, inductively coupled plasma
mass spectrometry (ICP-MS), and zinc-specific fluorescent
probes in order to interrogate, in a quantitative manner, the
role of fluxes in essential metal ion concentrations within a single
infected cell. We find that the Plasmodium parasite induces
a striking influx of zinc into the host cell and then drives a devel-
opmentally important compartmentalization of this element in
parallel with iron redistribution and hemozoin formation. Further-
more, small molecule studies reveal that the extraordinary para-
site-driven fluxes in concentration of weakly bound zinc are
essential to pathogenicity and open up a new avenue for treat-
ment strategies aimed at targeting metal trafficking during the in-
traerythrocytic stage of Plasmodium development.
RESULTS
Plasmodium Accumulates Zinc within Separate Regions
from Hemozoin-Localized Iron
XFM-imaging data provide subcellular maps of total metal ion
content in the cell. This total comprises both ‘‘free’’ or loosely
bound metal ions and metal ions that are tightly bound to
proteins. XFM maps in Figure 1 reveal distinct compartmentali-
zation of iron and zinc within late stages of the parasite life cycle.
Cellular magnesium and copper were below the detection limit in
this XFM analysis and were therefore examined via ICP-MS (dis-
cussed later). Although quantitative single-cell XFM data
showed that iron concentration remained constant after parasite
invasion and through growth stages, a clear parasite-driven
redistribution is observed within the cell compared to uninfected
erythrocytes (Figures 1A and 1B). The highest localized iron
concentration within the parasite reaches an apparent concen-
tration of 310 mM, which is 21 times higher than average iron
levels within control erythrocytes. The localized iron corresponds
with the site of hemozoin crystal formation within the parasite
food vacuole (Slater et al., 1991).
Total zinc analysis within uninfected erythrocytes by XFM re-
vealed an average concentration across the cell of 2.8(6) 3
104 M (Figure 1B). Given an erythrocyte volume of 70 fl, this732 Chemistry & Biology 19, 731–741, June 22, 2012 ª2012 Elseviercorresponds to 12 million zinc atoms per cell. The average
zinc concentration of the infected host cells containing
a schizont-stage parasite was found to be 4-fold higher at
1.0(2) 3 103 M. This corresponds to 42 million zinc atoms
per infected cell. A summary of numerical values for total zinc
is listed in Table S1A available online. While the zinc content of
infected red blood cells (RBCs) has increased by approximately
4-fold, localized zinc concentrations exceeded average zinc
levels within the erythrocyte by over 20-fold. Zinc acquisition
within the infected erythrocyte was inhibited by N,N,N’,N’-tetra-
kis-(2-pyridylmethyl)-ethylenediamine (TPEN), resulting in
a cellular zinc concentration of 0.30(2) 3 103 M. XFM data are
acquired in 200 nm3 200 nm volume elements in x and y dimen-
sions. The integrated signal in each volume element is thus an
average over the z axis, limiting somewhat the spatial resolution.
In spite of this intrinsic limitation, several zinc-rich sites were
observed within parasite regions that are adjacent to, but not co-
localized with, iron-containing hemozoin crystals (Figure 1C).
Zinc accumulation over the life cycle was evaluated by exam-
ining cells infected with ring-, trophozoite-, and schizont-stage
parasites, containing 2.1(3) 3 104 M, 4.7(7) 3 104 M, and
1.0(2) 3 103 M zinc, respectively (Figure 1D). To further test
the quantitative robustness to this single cell XFM analysis, we
conducted parallel studies using alternative analytical methods.
Total Mg, Ca, Cu, and Zn Concentrations Increase
in Schizont-Infected Erythrocytes
The cellular magnesium, calcium, iron, nickel, copper, zinc,
arsenic, and molybdenum contents of uninfected and
P. falciparum-infected RBCs were determined using ICP-MS
(Table S1B). Nickel, arsenic, and molybdenum were below the
detection limit of the method. While iron concentrations did not
differ between uninfected and infected erythrocytes, calcium
concentrations increased 6-fold after infection. The RBCs in
this analysis contain a mixture of late trophozoite- and
schizont-stage parasites and exhibit twice the amount of
magnesium, copper, and zinc compared to erythrocyte hosts.
Total zinc levels within uninfected red blood cells (1.1 ± 0.1 fg)
doubled in the infected cell (2.3 ± 0.5 fg), consistent with previ-
ously reported values for the same type of mixed-stage infected
cells (Ginsburg et al., 1986). Metal concentrations in the growth
medium are at least an order of magnitude lower than cellular
levels, indicating that parasite-infected cells actively accumulate
zinc in a stage-specific manner. XFM and ICP-MS values for
uninfected RBC agree quite well, providing validation for the cali-
bration methods used in the XFM analysis. The fact that the zinc
concentration of infected RBCs is lower in the ICP-MS data high-
lights the advantages of XFM. Unlike ICP-MS, single cell analysis
via XFM allows for direct assessment of a single parasitic devel-
opmental stage. In contrast, ICP-MS is a bulk analytical method
that provides an average value for millions of infected cells in the
sample. While the infected RBC sample for ICP-MS analysis was
prepared from synchronized cultures, the synchronization is not
absolute and the result is inevitably a mixed population of
schizont-stage and earlier trophozoite-stage organisms (Wahlg-
ren et al., 1983). Thus ICP-MS results are consistent with the
XFM results presented here, which show a continuous increase
in zinc content as the parasite develops from the trophozoite to
the schizont stage.Ltd All rights reserved
Figure 1. X-Ray Fluorescence Two-Dimen-
sional Metal Maps Show Iron Concentrated
in the Food Vacuole and Zinc Concentrated
Nearbywithin Separate Subcellular Regions
(A) A typical schizont-stage parasite (top cell) and
host erythrocyte (bottom cell) were analyzed for
total iron and zinc. Fluorescence intensities are
represented linearly on a rainbow scale with red
being the maximum signal and black being the
lowest signal, and thecalibration barsbelowdepict
the approximate local concentrations asdescribed
in Experimental Procedures. Phosphorus and
sulfurmaps reveal the location of nucleic acids and
cell body, respectively. Themajority of the parasite
appears devoid of iron, except for the highly
localized region within the parasite food vacuole.
Zinc accumulation occurs within a larger region of
the parasite-infected cell. Scale bar, 2 mm.
(B) Uninfected RBCs, and schizont-infected RBCs
(Infected RBC) were analyzed for total iron and
zinc concentrations by quantitative XFM. Infected
RBCs accumulate more Zn (p < 0.005) than
erythrocytes, while Fe concentrations are not
statistically different. Zinc concentrations within
infected erythrocytes treated with 0.5 mM TPEN
for 48 hr were not significantly different than the
RBC host. Concentrations represent the means of
N number of cells ± standard error.
See also Table S1.
(C) To determine zinc/iron colocalization, signal
intensities were converted to a logarithmic scale
and given a single color (Fe = green, and Zn = red).
The two-element overlay demonstrates that most
zinc is excluded from the food vacuole but lies
within the parasite as marked by the iron-depleted
region. Colocalized green (Fe) and red (Zn) appear
yellow in the overlay, showing a clear separation in
metal localizations. Scale bar, 2 mm.
(D) Each developmental stage was analyzed for
cellular zinc content by XFM. Erythrocytes in-
fected with ring-stage parasites (0–16 hr post-
merozoite invasion) had similar zinc levels as
uninfected erythrocytes. The trophozoite-infected
RBC (16–28 hr) contained more Zn (p < 0.05)
than rings, and schizont-infected RBCs (28–48 hr)
accumulated even more (p < 0.005; mean ± SEM).
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Subcellular Regions within the Parasite
Elemental maps from XFM revealed the total subcellular distri-
bution of zinc, which include tightly bound zinc-protein
complexes. The ‘‘free’’ pool of zinc was visualized by fluores-
cence microscopy using the fluorescent zinc probe Zinbo5.
This and related probes revealed subcellular compartments
that contain bioavailable zinc ions. Zinbo5 selectively chelates
free or weakly bound zinc (Kd = 2.2 ± 0.1 nM) (Taki et al.,
2004), whereas zinc that is tightly bound to proteins is typicallyChemistry & Biology 19, 731–741, June 22, 2012not detected by this probe. Plasmodia
were costained with Zinbo5 and the
DNA specific probe Syto24 (Dyer and
Day, 2000) (Figure 2) in live cells.
Controls in which zinc-probe-stained
infected cells were treated with the
high-affinity zinc chelator TPEN do notshow fluorescence, which confirms that intracellular Zinbo5
fluorescence arises from zinc binding (Figure S1) Multiple
zinc-responsive dyes corroborated this result, including
FluoZin-3 and Zinquin, all showing the same pattern of fluores-
cence observed with Zinbo5. Uninfected RBCs do not exhibit
zinc probe fluorescence (data not shown), suggesting that
zinc atoms within the host cell occupy tight metal-binding
motifs.
A subcellular analysis of the fluorescence pattern of DNA-
and zinc-specific probes showed that staining did not overlap,ª2012 Elsevier Ltd All rights reserved 733
Figure 2. Bioavailable Zinc Localizes to
Subcellular Regions in Close Proximity to
Nuclei
An asynchronous culture of rings, early and late
trophozoites, and schizonts were analyzed by
epifluorescence microscopy. Fluorescence from
zinc-bound Zinbo5 and DNA-bound Syto24 were
given the false colors of green and red, respec-
tively, and overlaid with the DIC-transmitted light
image. Fluorescence overlapping in the xy plane
appears yellow when overlaid, suggesting a lack
of correlation between DNA and zinc-localized
regions. Scale bar, 5 mm.
See also Figure S1.
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A closer look at Zinbo5 fluorescence in mixed-stage culture re-
vealed a pattern resembling a series of rings in late-stage para-
sites. In mature, late trophozoite and schizont stages (based on
the presence of multiple nuclei), the compartmentalized zinc
appears to encircle the nuclear regions of developing daughter
merozoites.
The food vacuole, which contains hemozoin crystals (indi-
cated in Figure 2 as a dark spot in the differential interference
contrast [DIC] overlay), also did not exhibit zinc probe fluores-
cence. The food vacuole is acidic with an approximate pH of 5
(Francis et al., 1997), which is within the pH range that can
decrease Zinbo5 fluorescence (E. Kawamoto and T.V.O., unpub-
lished results). Therefore, on the basis of Zinbo5 data alone, we
do not rule out the possibility that low levels of chelator-acces-
sible zinc may exist within the food vacuole.
To test whether zinc is accumulated within a particular organ-
elle, we costained cells with zinc-binding Zinbo5 and several
organelle-specific fluorescent dyes. Late-stage parasites, which
exhibit the most intense Zinbo5 fluorescence, were further
stained with the mitochondrial probes MitoTracker Green FM
(MTG), 3,30dihexyloxacarbocyanine iodide [DiOC6(3)], and
RhodZin-3 AM. RhodZin-3 AM is a cationic zinc-responsive
fluorophore that localizes to mitochondria (Sensi et al., 2003b).
Zinbo5 has not previously been shown to localize to
mitochondria.
A clear similarity was observed between high-intensity
regions of zinc-bound Zinbo5 and DiOC6(3), RhodZin-3 AM,
or MTG. Epifluorescence imaging of double-stained cells re-
vealed similar staining patterns for zinc and mitochondria (Fig-
ure 3A). Confocal and two-photon fluorescence microscopy of734 Chemistry & Biology 19, 731–741, June 22, 2012 ª2012 Elsevier Ltd All rights reservedcells stained with Zinbo5 and MTG
further demonstrates that mitochondria
and zinc signals are partially colocalized
in Plasmodium-infected cells (Figure 3B).
It is known that a single mitochondrion
lines the wall of a daughter parasite
within the budding merozoite (Bannister
et al., 2000; Hopkins et al., 1999). The
fluorescence pattern of Zinbo5 shows
a slightly broader region of ‘‘free’’ zinc
distribution relative to MTG, suggestingthe accrued zinc accumulates in both the cytosol and
mitochondria.
Chelator-Accessible Zinc Accumulation Coincides with
DNA Replication in Schizont-Infected Erythrocytes
We next examined the stage dependence of zinc acquisition.
Both DNA and RNA content increase in a manner that coincides
with parasite stage as the parent cell grows and divides into
multiple daughter cells (Bozdech et al., 2003). Flow cytometry
was used to measure free zinc, DNA, and RNA levels in synchro-
nized, infected RBCs over the 48 hr life cycle (Figure 4).
Hoechst34580 (HO) and thiazole orange (TO) were used for the
detection ofDNAandRNA respectively, showingparasite growth
and replication (Figure 4A) (Grimberg et al., 2008; Shapiro, 1981).
Zinc accumulation over the life cycle was evaluated using Zinbo5
in a separate sample due to emission overlapwithHO (Figures 4B
and 4C). In Zinbo5-stained samples, Syto59 was used in place
of HO to fluorescently label DNA. Since uninfected erythrocytes
lack DNA, cells infected with the Plasmodium parasite will be
the only cells that positively stain for HO or Syto59. Zinbo5,
HO, and TO probe fluorescence within infected cells (DNA posi-
tive) was normalized relative to fluorescence emitted from unin-
fected erythrocytes (DNA negative) within the same sample to
eliminate instrument variation between samples (Figure 4D).
As expected, RNA transcription begins early in the life cycle
during trophozoite stages and then continues to increase
steadily throughout the remaining life cycle (Bozdech et al.,
2003). Both DNA and zinc elevation mainly occur during later
parasite stages preceding erythrocyte rupture. Much like total
zinc measured by XFM, cellular ‘‘free’’ zinc levels increase expo-
nentially over the 48 hr life cycle, reaching a maximum during the
Figure 3. Late Trophozoite-Stage P. falciparum
Contain Hot Spots of Zinc in Regions that Colocal-
ize with Mitochondrial Probes DiOC6(3), RhodZin-3
AM, and MTG
DiOC6(3) accumulates within active mitochondria, and
Zinbo5 fluoresces when bound to Zn(II). RhodZin-3 AM
both accumulates within mitochondria and labels zinc.
MTG accumulates within mitochondria regardless of
mitochondrial membrane potential. Signal overlap is
visualized in yellow in overlaid images.
(A) Epifluorescence images of infected cells are stained for
zinc andmitochondria. The yellow color in overlaid images
suggests a degree of colocalization between the most
intense regions of Zinbo5 andmitochondrial fluorescence.
(B) Confocal images of an infected cell are stained with
Zinbo5 and MTG. Selected z slices (z thickness = 1 mm)
from a z-stack data set are displayed and demonstrate
partial colocalization of fluorescence from these two
probes. The entire z-stack data set is presented as Movie
S1 in the Supplemental Information. Scale bar, 5 mm.
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Zinc Fluxes Are Essential for Plasmodium Infectionterminal schizont-stage. From these data, zinc-specific Zinbo5
fluorescence showed a 20-fold increase as the parasite expands
from ring to schizont stages.Chemistry & Biology 19, 731–741, June 22Plasmodium Infection Is Inhibited by the
Zinc-Chelating Agent, TPEN
To test whether zinc acquisition is essential for
virulence, theparasitegrowth ratewasmeasured
after zinc chelation for 48 hrwith TPEN. Synchro-
nized cultures containing schizont-stage, in-
fected erythrocytes were allowed to grow under
normal and chelator-treated growth conditions
(Figure 5). Parasitemia and ‘‘free’’ zinc levels
were assessed using flow cytometry of cells
stained with Syto59, TO, and Zinbo5. TPEN was
highly active against the Plasmodium parasite at
micromolar concentrations, and the addition of
two molar equivalents of zinc relative to TPEN
rescued parasite growth (Figure 5A). The calcu-
lated 50% inhibitory concentration (IC50) value
for TPEN was 1.38(8) mM, which fell within the
range of chelator concentrations that caused
a sharp reduction in bioavailable zinc, i.e., Zinbo5
fluorescence (Figure 5B). The reduction in ‘‘free’’
zinc in infected cells, which is characterized by
the 50% effective inhibition concentration (EC50)
value, 0.8(1) mM, occurred at a slightly lower
dose than for the IC50. These data show that the
parasitecansurvivewithsmall decreases in intra-
cellular ‘‘free’’ zinc, but if additional chelator is
added, essential zinc is lost and survival is no
longer possible. Furthermore, no significant
change in growth was observed with as much
as a 3.3 ± 0.3-fold increase in extracellular zinc
over normal media levels, 1.0(1) mM (Figure 5C).
Zinc Depletion Results in Suppressed
Mitochondrial Membrane Potential
Given that parasite mitochondria take up
a portion of the zinc accrued during infection,we tested whether zinc depletion by TPEN affected mitochon-
drial function. DiOC6(3) has been shown to preferentially label
Plasmodium mitochondria by accumulating in regions of high, 2012 ª2012 Elsevier Ltd All rights reserved 735
Figure 4. RNA, DNA, and Zinc Levels
Increase as the Parasite Matures
(A) Synchronized P. falciparum infected RBCs
were stained with HO and TO to label nucleic acids
within the parasite. Typical infected RBC and RBC
gates are indicated on a representative tropho-
zoite-stage culture.
(B) In a separate sample, cells were labeled with
Syto59 and TO to separate infected cells from
uninfected erythrocytes.
(C) Syto59- and TO-labeled cells were further
analyzed for bioavailable zinc via Zinbo5 fluores-
cence.
(D) Zinbo5 mean fluorescence of infected cells
relative to uninfected cells shows a delayed
exponential increase in chelator-accessible zinc
during the parasite’s final life cycle stage, coin-
ciding with high levels of DNA replication. Relative
fluorescence represents the mean of three inde-
pendent cultures (mean ± SEM).
See also Figure S2.
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chronized culture containing rings, trophozoites, and schizonts
was treated with TPEN for 2, 24, and 48 hr and analyzed for
DiOC6(3) staining via fluorescence microscopy (Figure 6). Rings
exhibited minimal fluorescence in untreated control cultures,
while trophozoite- and schizont-stage parasites had 4- and
13-fold more DiOC6(3) fluorescence, respectively. Although
a decrease in DiOC6(3) fluorescence could be seen as early as
2 hr after TPEN was added, a significant decrease in probe fluo-
rescence is not observed until 48 hr of treatment.
DISCUSSION
This work reveals that P. falciparum induces a dramatic redistri-
bution of both zinc and iron between host and parasite compart-
ments in a manner that is essential for the erythrocyte stage of
the infection cycle. Total metal content established by XFM736 Chemistry & Biology 19, 731–741, June 22, 2012 ª2012 Elsevier Ltd All rights reservedand ICP-MS results show the importance
of metal redistribution within the erythro-
cyte host. As anticipated, single-cell
XFM studies show that iron is extensively
redistributed throughout the course of
infection; however, there is no detectable
change in total iron content of the erythro-
cyte, even at the latest stages of infection.
These results show there is no significant
increase in total iron load of RBCs in the
course of infection, suggesting that this
parasite derives the majority of its
required iron from the host erythrocyte;
however, iron uptake from the environ-
ment cannot be ruled out. This is ex-
pected based on hemoglobin catabolism
that results in crystallized hemewithin the
food vacuole (Schneider and Marletta,
2005; Slater et al., 1991). Cellular concen-
trations of magnesium and copper
increase by 2-fold, which is likely due tothe requirement for these metals for transcription, enzymatic
function, and possibly regulation of oxidative stress by the para-
site (Gaetke and Chow, 2003; Romani and Scarpa, 2000). Taken
together, these results for iron trafficking and localization corre-
spond well with results from published works and thus serve to
validate this approach.
The most dramatic change in metal content and localization
during infection involves zinc. Single-cell metal analysis of
schizont-infected erythrocytes by XFM showed a 3.6 ± 1.2-fold
increase in the total zinc content relative to the original host
cell. XFM zinc maps revealed that zinc distribution was quite
different from iron, and zinc is likely not concentrated in the
food vacuole.
Total metal concentrations alone, however, do not provide
information regarding the bioavailability and reactivity of these
metal ions within the cell. Metal ions that are tightly bound within
metalloproteins are not physiologically available to nascent
Figure 5. Zinc Scavenging by TPEN Inhibits Parasite Survival
(A) Synchronized, schizont-infected cells were treated for 48 hr with increasing
concentrations of the zinc chelator, TPEN. Cultures were stained with Syto59
and TO and analyzed by flow cytometry to separate infected cells from normal
erythrocytes. The IC50 value for TPEN inhibition is 1.38 ± 0.08 mM (IC50 ± SEM).
Two molar equivalents of zinc rescued the TPEN effect.
(B) The TPEN-treated culture was simultaneously analyzed for Zinbo5 fluo-
rescence relative to an untreated control. The EC50 value for Zinbo5 fluores-
cence is 0.8 ± 0.1 mM (EC50 ± SEM).
(C) Control cultures were grown for 48 hr in media containing normal levels of
zinc to 33 normal levels, without significant change (mean ± SEM).
Figure 6. Zinc Insufficiency Reduces the Membrane Potential after
48 hr
Unsynchronized parasites from each stage of the Plasmodium life cycle were
treated with 0.5 mM of the zinc chelator, TPEN. Since the accumulation of
DiOC6(3) within mitochondria is dependent upon membrane potential, the
intensity of the probe fluorescence was used to measure the change in
membrane potential after chelator treatment. A dissipation of the DiOC6(3)
probe can be seen after 2 hr of treatment, and a significant decrease in fluo-
rescence is observed at 48 hr in trophozoite-stage (p < 0.005) and schizont-
stage (p < 0.05) parasites (mean ± SEM).
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rescent probe studies have been applied to other specialized
cells; for example, in the study of dynamic copper pools in
neuronal cells (Dodani et al., 2011) and fibroblasts (Yang et al.,
2005). Fluorescence microscopy images of cells treated with
the zinc-specific probe, Zinbo5, showed that a significant
amount of zinc is freely available within the cytosol and mito-
chondria of the parasite, and there is little free or bioavailable
zinc in nuclear regions. The highest intensity region of Zinbo5Chemistry & Biology 19,fluorescence colocalized with mitochondrial-specific probes. It
is intriguing that zinc accumulation occurs during late stages in
the parasite life cycle, correlating with the replication of mito-
chondria as the parasite matures (van Dooren et al., 2005).
Since the zinc-binding affinity of Zinbo5 is fairly low
(pZnZinbo5 = 9.3) (Taki et al., 2004), relative to many zinc-depen-
dent enzymes (where pZn values range from13 to 15) (Fahrni and
O’Halloran, 1999), we conclude that a considerable portion of
the parasite-associated zinc is, at best, weakly bound. A portion
of this zinc localizes to mitochondira in infected erythrocytes.
‘‘Free’’ zinc pools have been observed in mitochondria of other
specialized cell types. For instance in neuronal cells, mitochon-
dria have been proposed to function as a storage site in the
maintenance of zinc homeostasis (Sensi et al., 2003a). Likewise,
labile zinc pools of mitochondrial zinc have recently been identi-
fied as important for respiratory function in yeast (Atkinson et al.,
2010). A mitochondrial zinc pool in Plasmodium has not been
previously identified, and studies are underway to determine
whether it plays a specialized role in cellular energetics or in
protection against oxidative stress (Maret, 2009).
The zinc concentration within the parasite-infected cell is
4-fold above that of the uninfected erythrocyte. Therefore, zinc
must be acquired from sources outside the host cell. This corre-
lates with the observation that both total and chelator-accessible
zinc is highly localized to regions outside of the parasite food
vacuole. On the other hand, iron sequestered from digestion of
host cell hemoglobin is clearly stored within the food vacuole,
where host proteins are degraded (Rudzinska et al., 1965).
Zinc-iron colocalization maps in Figure 1C highlight these differ-
ences in parasite ion accumulation.
Metal trafficking across the erythrocytic membrane en route to
the parasite may occur through two types of pathways. Erythro-
cytes naturally contain zinc uptake machinery within cell
membranes, making it likely that the parasite acquires zinc using
host cell transport proteins (Ryu et al., 2008). Likewise, a putative731–741, June 22, 2012 ª2012 Elsevier Ltd All rights reserved 737
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genome database (PlasmoDB, http://PlasmoDB.org, gene ID:
PF07_0065) (Aurrecoechea et al., 2009; Bozdech et al., 2003; Lli-
na´s et al., 2006). This putative transporter is predicted to contain
six transmembrane domains and is homologous to the cation
diffusion facilitator family of zinc transporters. We find a 29%
identity between the predicted protein sequence of PF07_0065
and the M. musculus Znt2 (Diez-Roux et al., 2011). Expression
profiles show an upregulation of gene expression in later stages
of parasite growth, with a maximum between 30 and 40 hr post-
erythrocyte invasion (Bozdech et al., 2003; Llina´s et al., 2006).
Expression of the PF07_0065 putative zinc transporter in later
developmental stages coincides closely with the observed
bioavailable zinc increase in Plasmodium (Figure S2). Life cycle
studies show an exponential increase in labile zinc between 32
and 48 hr of parasitic development. This study shows that the
highest rate of zinc accumulation coincides with DNA replication
during division and mitochondrial replication, which occurs
during the proliferative, schizont stage of development (van
Dooren et al., 2005).
The connection between the extraordinary requirement of
‘‘free’’ zinc and parasite mitochondria was further explored using
the mitochondrial localized probe, DiOC6(3), in zinc-limiting
conditions. A decrease in DiOC6(3) fluorescence correlates
with a drop in the transmembrane potential difference inside
mitochondrial space in a number of cell types, including Plasmo-
dium (Dondorp et al., 2009; Jo et al., 2007; Srivastava et al.,
1997). We found a significant decrease in DiOC6(3) fluorescence
after 48 hr of TPEN treatment at concentrations (0.5 mM) that are
well below the IC50 (1.38 mM). Therefore, zinc sequestration by
TPEN is likely to be closely correlated with disruption of mito-
chondrial function. The mechanism of this effect is not yet clear.
Finally, dose inhibition by the tight-binding zinc chelator TPEN
demonstrates that rapid increase in intracellular zinc stores is
essential for parasite growth and development within the host
erythrocyte. Thus, this zinc flux is essential to parasite propaga-
tion: if free zinc accumulation is blocked, parasite mitochondrial
function is disrupted and parasite growth stops.
SIGNIFICANCE
Quantitative subcellular imaging methods reveal a striking
dependence of parasitemia on accumulation of extraordi-
nary levels of zinc in parasite compartments outside of the
food vacuole. The parasite not only induces a change in the
metallome of the host cell but undergoes distinctive and
unusual compartmentalization of the metal in a manner that
is not consistent with the typical enzymatic cofactor role of
zinc. A considerable component of the acquired zinc bolus
accumulates as a freely available form in the trophozoite
and schizont stages of the short Plasmodium falciparum
growth cycle and is partially localized within mitochondria.
These results indicate that significant fluxes in intracellular
zinc are a key component in Plasmodium growth and devel-
opment within the host erythrocyte. The corresponding
zinc homeostasis machinery within invasive organisms
such as Candida albicans (Simm et al., 2011) and malaria
parasites may prove to be fruitful targets for drugs intended
to control disease progression. Taken together, our results738 Chemistry & Biology 19, 731–741, June 22, 2012 ª2012 Elseviersupport the idea that pathogens depend upon rapid acquisi-
tion of essential transition metal cofactors in order to repli-
cate within a host: This dependence is a vulnerability that
may be involved in host responses that control the infection
and is relevant in the search for druggable targets in essen-
tial pathogen pathways.EXPERIMENTAL PROCEDURES
Parasite Cultures and Synchronization
P. falciparum (3D7 strain) parasites were cultured using standard techniques
(Trager and Jensen, 1976). Type A human blood with leucocytes removed
was obtained from LifeSource (Chicago, IL) from confidential donors. Imma-
ture ring-stage cultures were synchronized using standard protocols (Lambros
and Vanderberg, 1979). Mature late trophozoite- and schizont-stage cultures
were synchronized using a Percoll density gradient (Wahlgren et al., 1983).
XFM Sample Preparation and Imaging Parameters
Erythrocytes and schizont-stage parasites were analyzed for metal content
using XFM (Paunesku et al., 2006). Schizonts of P. falciparum were isolated
from synchronized cultures and washed once in PBS. Aliquots of 1 ml for
each sample were collected on to 200-nm thick silicon nitride windows (Silson
Ltd; Northampton, UK) and allowed to settle to the window surface for 60 s
before blotting off excess liquid. Windows were immediately prepared for
XFM analysis by fixing and dehydrating the cells in 15 s each of liquid nitrogen
and nearly frozen acetone, respectively.
Sample windows were mounted onto magnetic specimen holders for
correlative light and XFM microscopy at Argonne National Labs (Advanced
Photon Source (APS), beamline 2-ID-E). Cell coordinates and transmitted light
images were collected on a light microscope (Leica DMXRE). Approximately
10–50 cells per sample condition were analyzed for metal content during
multiple visits to the synchrotron. Uninfected cells from the same culture flask
were analyzed alongside parasite-infected cells.
At the APS, a Si (111) crystal monochromator was used to select 10 keV
X-rays. Sequential line scans were analyzed across the cell, and atomic
fluorescence was acquired for each pixel using a germanium detector (Ultra-
LEGe detector; Canberra, Meriden, CT). The area under the fluorescence
peak was calibrated for elemental concentrations using NBS thin film
standards 1832 and 1833 (National Institute of Standards and Technology,
Gaithersburg, MD). Calibrations, two-dimensional image reconstruction,
and region of interest (ROI) analysis were performed using MAPS software
(Vogt, 2003). Grams per unit area were converted to concentration using
the area of the cell (measured by ROI analysis), the molecular weight of the
metal, and the average cell volume. The volume of an RBC was determined
experimentally to be 70 ± 18 fl, which is consistent with literature values
(60–120 fl) (Urrechaga, 2009). For the calibration bars in Figures 1A and 1C,
the calculated areal concentration (mg/cm2) was converted to an approximate
molar concentration by modeling the erythrocytes as disks of uniform
thickness.
ICP-MS
Erythrocytes, late trophozoite- and schizont-stage parasites, and culture
medium were analyzed for metal content by ICP-MS using previously pub-
lished methods (Outten and O’Halloran, 2001). Approximately 20 million cells
per sample were examined for metal content in triplicate. Cell samples were
pelleted in Teflon tubes, washed with PBS, and dehydrated overnight in
a 60C oven. Dry cell pellets were digested in concentrated trace metal grade
nitric acid (Sigma) for 30 min on an 80C hot plate and diluted to a final acid
concentration of 2%. Internal standards including Sc, Tb, Y, In, and Bi (CPI
International) were added to each sample and standard solution at a final
concentration of 5 parts per billion.
ICP-MS was performed on an XSeries II (Thermo Fisher Scientific, Waltham,
MA) using PlasmaLab software. Data were collected for each isotope under
standard mode of operation, while the 56Fe isotope was collected using the
collision cell technology mode. Metal concentration is expressed as moles
of metal per liter of cell volume.Ltd All rights reserved
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P. falciparum-infected RBCs were incubated in culture medium containing
2.5 mM Syto24 (Invitrogen) (Dyer and Day, 2000), 2 nM DiOC6(3) (Invitrogen)
(Srivastava et al., 1997), 10 mM RhodZin-3 AM (Invitrogen) (Sensi et al.,
2003b), or 50 nM MTG (Invitrogen) and costained using 15 mM Zinbo5
(Taki et al., 2004) at 37C for 30 min. Cells were mounted on slides coated
with polylysine or ConcanavalinA. Epifluorescence images were collected
with a Nikon E600microscope and 603 objective. Fluorescence was detected
using a cooled, CCD camera (Cool SNAPHQ, Photometrics) and analyzedwith
Metamorph software (Universal Imaging) and ImageJ (National Institutes of
Health). Confocal images were taken on a Zeiss LSM510 confocal microscope
using a 633 oil objective, an Argon laser (488 nm), and a MaiTai DeepSee two-
photon laser set at 760 nm. Monostained control experiments confirmed that
zinc-bound Zinbo5 (l ex/emmax = 376/443 nm) fluorescence occurred at
nonoverlapping wavelengths with DNA-bound Syto24 (l ex/emmax = 490/
515 nm), DiOC6(3) (l ex/emmax = 492/535 nm), RhodZin-3 AM (l ex/emmax =
550/575 nm), or MTG (l ex/emmax = 490/516 nm). DiOC6(3) fluorescence
was quantified within ROIs defined by the erythrocyte membrane and back-
ground subtracted.Flow Cytometry
Synchronized cultures were analyzed using an LSR II (BD Biosciences) and
FCS Express analysis software (DeNovo Software). Cells were incubated
with 0.21 mM thiazole orange (TO, Sigma) (Grimberg et al., 2008; Lee et al.,
1986) and 4 mM Hoechst 34580 (HO, Invitrogen) (Shapiro, 1981). Excitation
lasers at 405 and 488 nmand 450/50 and 530/40 nmband pass emission filters
were used to analyze HO and TO fluorescence, respectively. In separate
samples, synchronized cultures stained with 0.21 mM TO and 2.5 mM Syto59
(Invitrogen), were co-stained with 7.5 mM Zinbo5 (Taki et al., 2004), the zinc-
binding fluorescent probe. Zinbo5 and Syto59 were excited and detected
using 405 and 633 nm lasers and 450/50 and 665/20 nm band pass filters,
respectively. Infected erythrocytes were positive for nucleic acid-bound
Syto59 and RNA-bound TO fluorescence (Lee et al., 1986; Yagi et al., 2000).
Red blood cells were gated on the basis of their forward scatter, side scatter,
and pulse width to eliminate debris and doublets. Median fluorescence for in-
fected cells was divided by the median fluorescence for uninfected cells (HO,
TO and Syto59 negative) for a relative increase. The IC50 and EC50 measured
by Zinbo5 fluorescence were determined using GraphPad Prism software.
Percent inhibition values were normalized so that 100% represents maximal
inhibition.Statistical Analysis
Elemental concentrations, inhibition studies, and DiOC6(3) fluorescence
change were analyzed for statistical significance using one-way analysis of
variance. All statistical tests were performed using the software Prism 4.0
(GraphPad Software).SUPPLEMENTAL INFORMATION
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